[1] We conducted gravity wave ray-tracing experiments within an atmospheric region centered near the ARCLITE lidar system at Sondrestrom, Greenland (67°N, 310°E), in efforts to understand lidar observations of both upper stratospheric gravity wave activity and mesospheric clouds during August 1996 and the summer of 2001. The ray model was used to trace gravity waves through realistic three-dimensional daily-varying background atmospheres in the region, based on forecasts and analyses in the troposphere and stratosphere and climatologies higher up. Reverse ray tracing based on upper stratospheric lidar observations at Sondrestrom was also used to try to objectively identify wave source regions in the troposphere. A source spectrum specified by reverse ray tracing experiments in early August 1996 (when atmospheric flow patterns produced enhanced transmission of waves into the upper stratosphere) yielded model results throughout the remainder of August 1996 that agreed best with the lidar observations. The model also simulated increased vertical group propagation of waves between 40 km and 80 km due to intensifying mean easterlies, which allowed many of the gravity waves observed at 40 km over Sondrestrom to propagate quasi-vertically from 40-80 km and then interact with any mesospheric clouds at 80 km near Sondrestrom, supporting earlier experimentally-inferred correlations between upper stratospheric gravity wave activity and mesospheric cloud backscatter from Sondrestrom lidar observations. A pilot experiment of real-time runs with the model in 2001 using weather forecast data as a low-level background produced less agreement with lidar observations. We believe this is due to limitations in our specified tropospheric source spectrum, the use of climatological winds and temperatures in the upper stratosphere and mesosphere, and missing lidar data from important time periods. 
Introduction
[2] Assessing the impact of gravity wave momentum deposition in the stratosphere and mesosphere is crucial for a better understanding of the global, middle atmospheric circulation [e.g., Holton and Alexander, 2000; Fritts and Alexander, 2003; and references therein] . General circulation models (GCMs) using relatively large spatial grids with subgrid-scale gravity wave drag parameterizations have done a reasonable job of replicating the observed thermal and dynamical structure of the middle atmosphere [Pawson et al., 2000] . However, finer-scale processes, including mechanisms of gravity wave breaking, wave-wave interactions, and critical-level interaction, are areas of ongoing research and have yet to be unambiguously resolved. Other areas of active research include localized gravity wave generation, daily variability, propagation mechanisms, and regional influence across different altitude levels; topics that can be grouped under the general topic of ''synoptic-scale gravity wave activity. '' [3] Historically, issues involving synoptic gravity wave activity have focused on their global influences on middle atmospheric climate and have been addressed with simple . WORK UNIT NUMBER
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global parameterizations of wave momentum flux divergence and turbulent diffusion due to waves from simplified or indistinct tropospheric sources [Fritts and Alexander, 2003; Kim et al., 2003] . For example, many gravity wave drag parameterizations in general circulation models and climatological ray-tracing models include an intermittency factor that is tuned such that the resultant gravity wave momentum deposition replicates climatological characteristics [e.g., Alexander and Rosenlof, 2003 ]. On shorter timescales and within regional domains, however, these same gravity wave coupling processes should also affect the short-term regional evolution of the middle atmosphere.
Regional mesoscale model simulations that resolve some gravity waves demonstrate this [e.g., Dörnbrack et al., 1998; Horinouchi et al., 2002] , but it is difficult to extend these tools to run over larger domains and into the stratosphere and mesosphere.
[4] Research on synoptic gravity wave activity, including the forecasting of such activity in the middle and upper atmosphere, is rare due to a lack of both high-resolution synoptic measurements of this region (necessary for model verification) and adequate modeling efforts and techniques. Recent efforts to forecast middle atmospheric gravity waves have been motivated by an emerging understanding of their important role in forming high-altitude clouds. Polar stratospheric clouds (PSCs) form in winter and are important in ozone loss chemistry. In the Arctic, lower stratospheric gravity waves forced by flow over mountains (mountain waves) often drop temperatures in the ascent phases of the wave to the point where it is cold enough for these clouds to form. Thus, considerable effort has been devoted to forecast and model stratospheric mountain waves in the Arctic in support of various ozone-related measurement campaigns [e.g., Bacmeister et al., 1994; Dörnbrack et al., 1998 Hertzog et al., 2002; Pierce et al., 2003] .
[5] Gravity waves also appear to be important for the microphysics of high-altitude mesospheric clouds (MCs) observed in cold summer upper mesosphere [Jensen and Thomas, 1994; Rapp et al., 2002] . MCs are also known as noctilucent clouds (NLCs) by ground-based observers or as polar mesospheric clouds (PMCs) by the atmospheric remote sensing community, although there are many reports of these clouds in non-polar environments [e.g., von Cossart et al., 1996; Wickwar et al., 2002] . Correlations between gravity waves impinging upon the mesosphere from below and MCs have been documented using molecular/aerosol lidar observations at the ARCtic LIdar TEchnology (ARCLITE) facility at the Sondrestrom research site in Greenland (67°N, 310°E) [e.g., Gerrard et al., 1998 (hereafter GKT98) ; Gerrard et al., 2002a; Thayer et al., 2003; Gerrard et al., 2004] . These papers have been the first to show experimentally and statistically that enhancements of high frequency upper stratospheric gravity wave variance observed by molecular/aerosol lidar are associated with reductions in MC volume backscatter. Stated more colloquially, the higher the underlying stratospheric gravity wave activity, the more tenuous the mesospheric cloud.
[6] Gravity waves indirectly cool the summer mesosphere by driving a vigorous mean upwelling circulation through momentum deposition, a quasi-continuous processes that maintains the cold synoptic conditions suitable for MC formation [e.g., Siskind et al., 2003] . In addition, individual gravity wave fluctuations play a direct role in MC microphysics via particle sublimation [Rapp et al., 2002] . Thus, gravity waves have a ''dual nature'' in controlling MC properties in the high latitude summer mesosphere. They indirectly control MC distributions on global spatial scales and weekly temporal scales through their breaking effects on the circulation, but also act to reduce MCs on regional spatial scales and over hourly temporal scales through their induced temperature oscillations. Such influences demonstrate the need for continued research into gravity wave generation and forecasting, especially from an MC modeling perspective.
[7] With these latter needs in mind, it is the purpose of this paper to model some of these gravity wave processes near Sondrestrom during summer and compare them with lidar observations. These tasks are accomplished by using the Gravity-wave Regional Or Global Ray Tracer (GROGRAT), a gravity wave ray-tracing model that is used here with daily tropospheric and stratospheric analyses as well as data from an empirical middle atmospheric model to simulate the amount of gravity wave activity over this high latitude region. These model-generated values are then compared to gravity wave activity measured from upper stratospheric relative atmospheric density perturbations that were obtained by the Sondrestrom lidar.
[8] In Section 2 of this paper we present background on the data resources used in this study. In Section 3 we discuss the ray-tracing model, specifically focusing on run parameters and the creation of a representative tropospheric gravity wave source spectrum using observationally constrained reverse ray tracing. In Section 4 we present the results of the 1996 model runs as compared to the lidar data. In Section 5 we present the results of the 2001 model runs as compared to lidar data. In Section 6 we discuss the implications of these results, and we summarize major findings and conclusions in the final section.
Data Resources
[9] This study used data from three primary sources. First, for the 1996 gravity wave experiments discussed in Section 4, daily (12 UT) background geopotential height and temperature fields in the troposphere and stratosphere were specified using National Centers for Environmental Prediction (NCEP) operational analyses from the Data Support Section of the Scientific Computing Division at the National Center for Atmospheric Research (DSS-SCD-NCAR). These fields were subsequently averaged onto 2.5°Â 2.5°latitude-longitude grids at 18 pressure levels, ranging from 1000 hPa to 0.4 hPa. Since no stratospheric data were available at 00 UT, we averaged the two adjacent 12 UT fields to obtain a data representation at all pressure levels for 00 UT. The mid-stratospheric analyses were compared to stratospheric analyses from the Stratospheric Research Group at the Free University of Berlin [e.g., Pawson and Naujokat, 1997; Labitzke and van Loon, 1999] : similar results were noted. For the gravity wave model experiments during 2001 discussed in Section 5, we used data from the NCEP Aviation Model (AVN) forecasts. The AVN model was combined in late 2002 with the Medium Range Forecast (MRF) model and collectively called the Global Forecast System (GFS). These operational analyses are based on data from the early 00 UT radiosonde-satellite reports and are used to initialize atmospheric forecasts from the AVN global model. The original 1°Â 1°data were rebinned to 2.5°Â 2.5°so as to be consistent with analysis fields used for the 1996 model configuration.
[10] The geopotential height fields were used to calculate geostrophic winds at all altitudes. Upper tropospheric and stratospheric winds were calculated following Randel [1987] , while lower tropospheric winds were processed in a more conventional manner (e.g., no truncation of 6th or higher-order spherical harmonics). These geostrophic winds were compared to NCEP analysis winds throughout the troposphere. A sample comparison of zonal winds from 0 -20 km over Sondrestrom on August 6th, 1996 and August 11th, 1996 is given in Figure 1 , showing general agreement (winds at higher altitudes are discussed shortly). Geostrophic winds were used throughout this study for a variety of reasons, the chief being the desire to avoid having to smoothly splice station winds at 20 km with geostrophic winds at 25 km. If done poorly, large shears can arise at $20-25 km which could spuriously remove gravity waves via WKB violations. The NCEP temperature profiles over Sondrestrom were also compared to experimentally obtained temperatures obtained with the ARCLITE lidar system [Gerrard et al., 2002b] and were shown to agree reasonably well.
[11] The second data resource was the Committee on Space Research (COSPAR) International Reference Atmosphere (hereafter CIRA-86) [Fleming et al., 1990] , which is based on the same data set as the Extended Mass Spectrometer and Incoherent Scatter Empirical Model (MSISE-90) [Hedin, 1991] . CIRA-86 fields provided temperature, geopotential height, and zonal wind for altitudes above the uppermost altitudes of the NCEP data (i.e., above 0.4 hPa %55 km for 1996 runs and above 10 hPa %32 km for 2001 runs). CIRA-86 provides zonal winds only. Thus, upper-level meridional winds were smoothly extrapolated upwards from the uppermost NCEP meridional wind value by progressively relaxing with increasing altitude to a constant value of À2 ms À1 (i.e., directed north to south), which is broadly representative of mean summertime meridional winds at mesospheric altitudes [e.g., Kishore et al., 2003 ]. These empirical upper-level CIRA-86 data were held constant over each of the model days. In the absence of gravity waves, the thermal structure of the high latitude upper stratosphere and lower-to mid-mesosphere is relatively undisturbed during mid-summer [e.g., Lübken, 1999; Gerrard et al., 2000] . Use of invariant upper-level winds is also reasonable since there is little tidal activity [e.g., Forbes, 2002, 2003 ] or short-term planetary wave influence during summer at these altitudes. When all these data were combined, the model atmospheric background consisted of winds, temperature, and geopotential heights at 23 different pressure levels (1000.0, 850.0, 700.0, 500.0, 400.0, 300.0, 250.0, 200.0, 150.0, 100.0, 70.0, 50.0, 30.0, 10.0, 5.0, 2.0, 1.0, 0.4, 0.046, 0.0103, 1.78e-3, 8.42e-4, 3.1e-4 hPa) , spanning the height range $0 -105 km. Sample upper-level zonal wind profiles from $0 -95 km using this combination of NCEP and CIRA-86 data are plotted in Figure 1 .
[12] The most difficult aspect of the model simulations involves devising a method for specifying a broadly representative source spectrum of gravity waves in the troposphere, since tropospheric sources for middle atmospheric gravity waves remain highly uncertain, particularly in the summer extratropics [Fritts and Alexander, 2003] . To provide some observational constraints on this problem, we used (as our third data resource) stratospheric gravity wave observations from the ARCLITE molecular/aerosol lidar system located at Sondrestrom, Greenland [Thayer et al., 1995; Thayer et al., 1997] . Upper stratospheric gravity wave activity from the lidar is derived by time-averaging rootmean square (RMS) relative density perturbations using a sliding two-hour window, much like the procedures used by Senft and Gardner [1991] (see GKT98 and Gerrard et al. [2004] for further details). This method resolves waves with ground-based temporal periods T = 2p/jWj between 30 minutes and $2 times the temporal length (in this case $4 hours) and with vertical wavelengths l z = 2p/jmj between 2 km and $30 km. This defines our observational window [e.g., Alexander, 1998 ] on the full two-dimensional gravity wave power spectrum of relative density perturbations, F r (m, W), as afforded by these lidar measurements and the analysis technique. It should be noted that this processing technique is slightly different than that presented in GKT98 (e.g., different filter cut-offs, different error estimation), but the qualitative variations are unchanged and even the quantitative values are similar. In both processing methods, the gravity waves extracted from the lidar data were consistently quasi-monochromatic with vertical wavelengths l z $ 10 km and observed periods T $ 2.5 hours [GKT98] . These observed characteristics help constrain the gravity wave source spectrum, as discussed next.
GROGRAT Model and the Tropospheric Source Spectrum
[13] The Gravity Wave Regional or Global Ray Tracer (GROGRAT) is a ray-tracing model that tracks the propagation and amplitude evolution of gravity waves through the lower and middle atmosphere. The core ray formulation and initial model are described by Marks and Eckermann [1995] . Eckermann and Marks [1997] describe an updated version of the model. GROGRAT traces waves using ray equations based on a fully nonhydrostatic rotating dispersion relation. Wave amplitudes are tracked along ray paths using wave action conservation methods, subject to dissipation due to scale-dependent infrared radiative damping [Zhu, 1993] , turbulent diffusion [Pitteway and Hines, 1963] and saturation due to convective/dynamical instabilities [Fritts and Rastogi, 1985] . In these experiments, nondissipating gravity waves conserved their vertical flux of wave action density (proportional to Eliassen-Palm flux). Computed ray paths were fully three-dimensional and included wave number refraction due to both horizontal and vertical gradients in the background atmosphere, but time variations were not included in the ray calculations. WKB violations are flagged due to waves that reflect vertically near turning points or encounter critical levels.
[14] GROGRAT requires a gridded background atmosphere through which it traces waves. For this study we used the NCEP-CIRA data on a 2.5°Â 2.5°grid (see section 2) within the region 280°-340°E, 52.5°-82.5°N, centered near Sondrestrom. We used GROGRAT to fit and regrid the gridded pressure-level atmospheric data onto 40 equispaced geometric altitude levels separated vertically by 2.5 km.
[15] To specify a plausible tropospheric source spectrum of gravity waves for GROGRAT experiments during August 1996 and summer 2001, we first constrained potential candidate waves based on the observational window of the Sondrestrom lidar observations. We began by specifying a full spectrum of gravity waves directly over Sondrestrom at a nominal lidar observation altitude of 40 km [GKT98; Gerrard et al., 2004] . This spectrum comprised the set of all possible waves with ground based periods T of 2, 2.5, and 3 hours (all within the lidar observational window) and 13 possible horizontal wavelength components in the x or y directions, l x and l y , of 1, 800, 700, 600, 500, 400, 300, 200, 100, 50, 25, 12.5, and 6.25 km. Each of these horizontal wavelength values can be positive or negative, which serves to specify, equivalently, a set of total horizontal wavelengths l h and horizontal propagation azimuths. This resulted in a spectrum of 13 Â 13 Â 4 Â 3 À 1 = 2027 rays (the À1 comes from eliminating the unphysical l x = 1, l y = 1 ray). This broad distribution of horizontal wavelengths was chosen so that a full range of vertical wavelengths was generated, which yielded some waves that had the potential to be observed within the lidar's observational vertical wavelength window of 2 -30 km. Note that none of these gravity waves are stationary (T = 1), consistent with the notion that quasi-stationary mountain waves cannot enter the summer extratropical upper stratosphere [Bacmeister, 1993] .
[16] The RMS horizontal wind amplitudes of the waves were initially all set to 4 m s À1 and then scaled with vertical wave number m to yield a +3 power spectral index over the range m = 0 to a typical upper stratospheric characteristic wavelength [Smith et al., 1987] 2p/m* $8-12 km (as opposed to the often observed +2 spectral index in this range). At high vertical wave numbers we imposed a À7 spectral index as opposed to the usual m À3 power law from the characteristic wavelength to higher wave numbers of the horizontal velocity power spectrum as a function of vertical wave number [e.g., Dewan and Good, 1986; Smith et al., 1987; Weinstock, 1990; Fritts and Alexander, 2003] . This input vertical wave number spectrum is depicted with asterisks in Figure 2 . The selection of these steeper power laws is based on the quasi-monochromatic waves observed by lidar in the summer upper stratosphere over Sondrestrom, which typically have vertical wavelengths between 8 km and 12 km, and little variance at shorter or longer wavelengths. Note that other source spectra, with spectral indices that varied considerably across the possible ranges, including the traditional shallow spectrum in Figure 2 (diamonds), yielded similar results to those which will be reported in Section 4 and only slightly altered the results in Section 5. In this paper, we present only the results using the steeper source spectrum.
[17] This spectrum of gravity waves at 40 km was then propagated backwards in time (i.e., downwards in altitude) in an effort to locate both potential wave sources and locations in the troposphere; so-called ''reverse ray tracing'' or ''backtracing''. The waves were propagated back down to $6 km, an arbitrary generation height chosen for this study: variation of this altitude by ±2 km did not make a noticable impact on subsequent model results. Figure 3 shows an example of this backtracing procedure for August 5th, 1996 for the 12 UT sounding. A total of 471 rays ($23% of the initial 2027 rays) were able to propagate down to the troposphere while remaining within the regional model domain. We see that there is a broad geographical distribution of tropospheric locations from which waves that propagate to 40km over Sondrestrom could have originated. Approximately 18% of the initial rays were traced to a region outside of the model domain: these are located mainly in the east-west wedge of missing ray paths in Figure 3 and shows that most of these missing waves propagate outside the imposed longitude range rather than the latitude range. All other rays were dissipated (53%) or violated WKB ray-tracing conditions (6%) sometime during the ray-tracing process and thus, assuming troposphere-only sources, cannot account for observed waves in the lidar data at 40 km.
[18] Rays that made it down to 6 km and were still within the regional domain were then assumed to comprise the tropospheric source spectrum. This source spectrum was then put back into the model at 6 km on August 5th, 1996, and propagated back up through the same atmospheric background conditions (forward ray-tracing) to their common point over Sondrestrom at 40 km, then onward until they reached 80 km or were removed by excessive dissipation, critical levels or turning points. Surviving ray paths at 80 km are plotted in Figure 4 . Solid diamonds in Figure 4 show source level locations, and reveal that only those waves generated to the west of Greenland reach the mesosphere over Sondrestrom.
Ray Modeling Results for August 1996
[19] The tropospheric source spectrum at 6 km, determined solely from the atmospheric background conditions of August 5th, 1996 using backtracing procedures, was traced upwards for all subsequent days of August 1996 for which there were lidar data available for comparison. By fixing the source spectrum and other model parameters while allowing only background atmospheric conditions to vary each day, these model experiments test the potential for the regionalized gravity waves observed on August 5th to propagate to 40 km and eventually 80 km on the other August days. Thus we have not included generation of waves from other transient sources that may come and go as weather patterns change, and have also excluded waves originating from outside the model domain, such as potentially ducted waves in the mesosphere.
[20] For days after August 5th, we needed to establish criteria for determining if a particular gravity wave ray that reached 40 km would be observable by the molecular/ aerosol lidar. The criteria that were imposed were:
[21] 1. Rays must be within 555 km horizontal distance of the lidar site ($5°latitude, 13°longitude).
[22] 2. Rays cannot have a vertical wavelength l z > 20 km at an altitude of 6 km, as gravity waves with longer vertical wavelengths are not usually seen in the troposphere (though we note that this may be an observational sampling problem, due to the experimental difficulty resolving these types of tropospheric waves). Increasing the allowed vertical wavelength did not impact the results reported here.
[23] 3. Rays must take no longer than 16 hours to propagate to 40 km, as model runs were separated by 12 hours, plus a two-hour window on either side.
[24] 4. Rays must have a ground-based horizontal phase speed c h = l h /T < 70 m s
À1
, as faster gravity waves are less likely to be generated in the extratropics.
[25] 5. Rays at 40 km must have 2 km < l z < 30 km and 30 min < T < 4 hours in order to be resolved in the lidar data.
[26] 6. Rays must be able to propagate to 55 km. We also needed to establish separate criteria for wave activity at 80 km. They were:
[27] 7. Rays at 80 km must be within 1111 km horizontal distance of the lidar site (approximately 10°latitude, 25°longitude).
[28] 8. Rays cannot have l z > 20 km at an altitude of 6 km.
[29] 9. Rays must take no longer than 16 hours to propagate to 80 km. This allows us to focus on the fast [short period] waves indicated by the results of Gerrard et al. [2004] .
[30] 10. Rays must have a ground-based horizontal phase speed c h < 70 m s À1 .
[31] 11. Rays must have an intrinsic period T int = 2p/w < 6 hours. Modeling suggests this condition is necessary for MC destruction by gravity waves [Rapp et al., 2002] .
[32] We note that these are separate, exclusive criteria: a modeled wave did not have to satisfy both conditions in order to be retained at a particular altitude. There are certainly waves that were ''observed'' by the lidar at 40 km that were not observable at 80 km; for example they were dissipated or propagated obliquely away from the lidar site. Likewise, there were waves that were observable at 80 km that were not observable at 40 km. Thus, when we later compare and correlate the gravity wave fields between the two altitudes, a direct comparison of the wave amplitudes is inappropriate because the number of waves in the observable wave field is different
[33] For those gravity waves that satisfied these ''observability'' criteria at the 40-km and/or 80-km levels, their peak horizontal velocity amplitudes were added, then normalized by the total horizontal velocity amplitude that would have arisen had all of the initial 471 gravity waves made it to 40 km or 80 km (i.e., the maximum possible total induced wind perturbation at 40 km, assuming no wave saturation is 471 rays times 4 ms À1 = 1884 ms
). This yields a final fractional amplitude value that was multiplied by a scaling constant at 40 km or 80 km to give a very coarse estimate of the induced horizontal wind perturbations from this wave spectrum. We scale this value linearly to account for the conversion (via the gravity wave polarization equations) from horizontal wind amplitudes to relative density perturbations measured by the lidar and from peak amplitudes to RMS quantities. Finally, we applied an invariant multiplicative constant to scale the final model values to yield absolute values similar in range to the lidar-obtained RMS relative density perturbations, to better facilitate a direct comparison of lidar-observed and model-generated wave activity measures.
[34] Figure 5 plots lidar and model wave activity time series at 40 km, the latter derived after tracing the source spectrum upwards for the remaining days of August 1996. We see quite good agreement between model and data from the 6th to the 11th and on the 18th to the 21st. We note that the modeled gravity wave activity decreases with time during August, then increases again toward the end of the month. This latter increase is consistent with gravity wave variance increases through August observed over Sondrestrom [Gerrard et al., 2000] . The linear correlation coefficient (r) between the model results and the lidar data is $0.75 using either a Fisher-z test or a Student's t-test, both of which are well within the 95% confidence interval. Hence, we conclude that this model experiment shows some skill in reproducing observed upper stratospheric gravity wave activity observed by the lidar in August 1996.
[35] The rays for the 6th and 11th that satisfied criteria for observability at 80-km altitude are plotted in Figures 6 and 7 respectively. On inspection of wave activity during the 6th, we see that the rays that reached 80 km originated from the northern Labrador Bay-Hudson Strait region ($300°E, $61°N) and northwest Greenland-Baffin Bay area ($295°E, $73°N). These ray groups propagated obliquely eastward up into the stratosphere where they were subsequently refracted to propagate more vertically to affect the MCs above. This upward refraction can be deduced from strengthening easterly winds in the upper stratosphere and mesosphere (e.g., Figure 1 ), which cause eastward-propagating gravity waves to refract to longer vertical wavelengths and attain faster vertical group velocities, causing them to propagate rapidly into the mesosphere. Conversely, westward-propagating gravity waves generated to the east of Sondrestrom were strongly refracted toward critical levels in the strengthening upper stratospheric easterlies and so these waves had little impact at 80 km above Sondrestrom, though some were observable at 40 km. Therefore, it is far easier for eastward propagating gravity waves to propagate to 40 km over Sondrestrom and still have a regional impact on the mesosphere over this site. On August 11th, we found that very few waves were able to make it either to 80 km or 40 km, suggesting that there was less potential influence of gravity waves at all altitudes above Sondrestrom.
[36] One notes from Figure 5 that from August 12th -15th, the model experiments predict gravity wave values that are much lower than those observed. This may be due to a lack of representation of new different gravity wave sources that have developed in the troposphere at these later times. Inspection of geopotential height maps for these days (not shown here) reveals a transient surface low developing to the southeast of Greenland, which may have provided a new tropospheric wave source that temporarily generated more gravity wave activity at 40 km. Additionally, the assumptions made about the original source spectrum and the various 40 km acceptance criteria may also contribute to these model/data discrepancies.
[37] Variable rejection criteria at 40 km and 80 km mean that the subsets of observable model-generated waves at each altitude are not the same, and thus the two wave fields might be poorly correlated. To test this, Figure 8 show scatterplots of our modeled gravity wave values at 40 km and 80 km during August. We see a strong correlation between the values at the two altitudes, with a linear correlation coefficient of 0.96. Such high correlation is consistent with gravity waves at 40 km rapidly propagating to 80 km due to enhanced upward refraction by intensifying easterlies and remaining above the lidar site at both altitudes.
[38] Based on model output, the gravity waves satisfying both the 40 km and 80 km observability criteria before August 10th tended to have horizontal wavelengths l h $ 350 km and vertical wavelengths l z $ 13 km at an altitude of 40 km, and l z $ 8 -15 km at an altitude of 80 km. We found that it typically took $4 -5 hours for such gravity wave rays to propagate from 40 km to 80 km as determined by the vertical group velocity. After August 10th, the gravity waves had l h $ 200 km and l z $ 9 km at an altitude of 40 km, l z $ 15 km at an altitude of 80 km, and took $6 hours to propagate from 40 km to 80 km. The difference in wave characteristics between early August and mid-to late August is due to the removal of longer horizontal and vertical wavelength waves from the spectrum below 40 km due to changes in background atmospheric wind patterns.
[39] About 57% of the modeled gravity waves at 80 km are still stable (i.e., they are not ''breaking'' or ''saturated''). Furthermore, the onset of instability for most of the saturated waves occurred only within the top 10 km of the model domain. Therefore, as a whole, the gravity wave field is still experiencing amplitude growth in order to conserve vertical action flux densities. This is interesting given the relatively large gravity wave horizontal velocity amplitudes of $4 m s À1 imposed at 40 km (for a background wind of $15 m s À1 ). This stability is consistent with enhanced vertical refraction from 40 km to 80 km, since long vertical wavelengths make wave saturation amplitudes much larger and thus tend to keep long wavelength wave fields stable to higher altitudes in the atmosphere [Smith et al., 1987] . These stability characteristics are determined by local CIRA-86 climatological mesospheric winds, whereas actual mesospheric winds (and hence wave amplitude characteristics) are likely to have been more variable in reality.
Discussion of Model Experiment Results
[40] The model results are robust to variations in several different model run parameters. Changes in atmospheric grid size and spacing, source characteristics (e.g., different spectral slopes, different tropospheric start altitudes, different initial horizontal wind velocities), and upper level observability/rejection criteria (e.g., time for rays to get to their respective levels, proximity to Sondrestrom) changed actual numerical values for model runs during August period, but the qualitative aspects of the results remained unchanged in all cases.
[41] In addition, we computed tropospheric source spectra for days other than August 5th using our backtracing procedure described in section 2. It is important to note that using any such source spectra generated on any day in August, other than 5th through the 6th, yielded model results that were inconsistent with observations and do not reproduce the observed daily structure. For example, Figure 5 also plots results from model runs using source spectra generated on August 10th and August 20th, using the same scaling factors as before. We note that both of these source spectra yield results that do not come close to matching the experimental results. Source spectra generated on August 6th closely resembled earlier model results that used an August 5th source spectrum. We also note that model runs for these three source spectra each yield model wave activity time series that peak on the specific day that each source spectrum was generated and then decrease to lower values before and after. This shows that these source spectra are tuned to give source-level waves with maximum stratospheric transmissivity characteristics for these particular days.
[42] We theorize that the reason for the good comparison of model results and observations for source spectra obtained on the 5th through the 6th is because of the unusual geophysical conditions present on those days. After investigating a >4-year climatology of summer gravity wave observations with the Sondrestrom lidar [Gerrard et al., 2000] , we noted that gravity wave activity around August 5th -6th 1996 was unusually strong. Thus, we assume that the gravity wave activity on these days represents a maximum potential for gravity wave transmission into the stratosphere over Sondrestrom in August, and that it is comprised of gravity waves from some of the dominant sources in this region for this time of year. Source spectra models generated on other days from more typical levels of wave activity at 40 km would thus always be lacking crucial gravity wave components which can reach the stratosphere at more active times, and would therefore not be able to reproduce essential features displayed in the observations throughout the summer as transmission characteristics change.
[43] With the assumption that this source spectrum represents an acceptable first-order working approximation for some of the gravity waves sources in this specific region at this specific time of the year, we note from inspection of Figures 3 and 6 (and more importantly the consistency between observations and model results) that there seem to be certain geographic regions where gravity waves could have plausibly been ''quasi-continuously'' generated throughout this August period. Geopotential height maps from August 6th in Figure 9 , for example, show a low pressure cell over northwest Greenland and the Baffin Bay region ($1000 km northwest of Sondrestrom). In addition, there appear to be indications of potential frontal activity over the Labrador Sea region ($1000 km southwest of Sondrestrom). Since these types of weather systems can generate gravity waves [Fritts and Alexander, 2003 ], one might suspect regional production of waves from these specific tropospheric regions. Later, in the geopotential height maps for August 11th (Figure 10 ), no such corresponding structure is present to the west of Sondrestrom (waves generated to the east of Sondrestrom, particularly near the cutoff low to the southeast, are the exception). Imagery from channel 2 (visible-near infrared) and channel 4 (far infrared) of the Advanced Very High Resolution Radiometer (AVHRR) on August 6th and 11th (each taken at $17 UT) are presented in Figures 11 and 12 , respectively. Inspection of tropospheric cloud structure in the images from the 6th confirmed that there was a low pressure cell with associated frontal activity in the northwest GreenlandBaffin Bay region, as well as frontal activity in the northern Labrador Sea-Hudson Strait region, at this time. Though these atmospheric phenomena are individually transient in nature, they develop recurrently, making these geographical regions climatologically active in regards to convective systems and frontal storm tracks [e.g., Hurrell et al., 2003; and references therein] . Similar inspection of AVHRR data from the 11th indicates that these specific atmospheric conditions were less active, and thus the potential for gravity wave generation by convective and/or frontal activity had deteriorated.
Discussions of Model Experiment Results on MCs
[44] On the question of the interaction of gravity waves with MCs, the model-based values of upper stratospheric to mesospheric propagation times are consistent (to within a factor of 2) with earlier estimates by GKT98 based on observations alone, as well as with Gerrard et al. [2004] using July 2001 observations. However, since the modeled propagation time is somewhat larger than the $1 -4 hour propagation time inferred from observations, the model results do not help us conclusively resolve the physical mechanisms controlling the phase-lagged relationship between upper stratospheric gravity wave activity and overlaying MCs discussed by Gerrard et al. [2004] . While the model experiments support the concept of a direct quasivertical influence of gravity waves at 40 km on the overlaying MC field via increased vertical group velocities, we cannot exclude the possibility that the two fields are related in some other way or that the correlations noted in earlier studies are fortuitous and thus spurious. Since the model gravity waves were largely unsaturated at 80 km, then the wave breaking effect on MCs discussed by Fritts et al. [1993] and Gerrard et al. [2004] is largely absent for these waves. This leaves only the influence of the temporal wave-induced temperature oscillations, which implies reductions in particle size and overall brightness [Rapp et al., 2002] and thus a negative influence on overlying MCs, as observed [e.g., Thayer et al., 2003; Gerrard et al., 2004] .
Model Experiments and Discussion for Summer 2001
[45] To study these issues further, we conducted nearreal-time model experiments using NCEP forecast data as a background during summer 2001. The same tropospheric gravity wave source spectrum discussed in Section 3 and used in Section 4 was used in these experiments. Rays were propagated upwards by the model on 77% of the days from July 5th, 2001 (referred to as experiment day number 1) to August 21st, 2001 (experiment day number 48). Forecasts were not run on the missing days because of networking issues which prevented numerical forecast data from being downloaded for real-time runs. The 40 km and 80 km detection criteria (outlined in Section 4), as well as the constant used to scale the model gravity wave activity to the lidar-derived values, were also unchanged. A linear interpolator in time was used to fill in model results for any missing days. The modeled gravity wave activity was posted daily on the world-wide web as a test forecast/analysis product for the lidar and general community inspection. Lidar data throughout the summer were acquired and analyzed after the forecasting period in September, and were therefore not reported in near-realtime.
[46] The ray-tracing model results based on the AVN analyses are plotted in Figure 13a , along with the lidarderived data (diamonds with error bars). The raw model data are plotted with a thin black line, and a three day running mean of these data is plotted with a thick black line. The thick gray line is a three-day running mean of the average of the model output using NCEP AVN analysis, 1-day forecast, and 2-day forecast fields lower down. Note that although lidar data were acquired at Sondrestrom throughout June of 2001, the ray-tracing model was not running at that time and AVN forecasts Figure 13 . (a) Diamonds represent upper stratospheric gravity wave activity for summer 2001 as RMS relative density perturbations within an observational window (see text) near 40 km over Sondrestrom, Greenland as measured by the molecular/aerosol lidar (points with one standard deviation bars). The raw activity from GROGRAT model experiments is plotted with a thin black line. A three day running mean of these data is plotted with a thick black line. The thick gray line is a three-day running mean of the average of model output using NCEP analyses, 1-day forecasts, and 2-day forecasts as a background. The x axis is experiment day, with day 1 corresponding to July 5th, 2001. Analyses before experiment day 1 did not include forecast information. (b) As for panel (a), but with the raw GROGRAT model data and a three day running mean of these data offset vertically by +0.12. The thick gray line is a three-day running mean of the average of the model output using analyses, 1-day forecasts, and 2-day forecasts, offset vertically by +0.08.
were not obtained. Thus, model curves based on forecast data are absent from Figure 13 in June. NCEP analyses from the NCAR-SCD were obtained after the forecasting period for comparison to the June lidar observations, and are also presented in Figure 13 for completeness.
[47] Comparing modeled and measured upper stratospheric gravity wave activity in Figure 13a , we see a constant offset between the various model time series and the observations. We remove this offset somewhat arbitrarily by adding 0.12 to the modeled gravity wave activity from analyses (black curves) and 0.08 to averaged model wave activity from runs using analyses and forecasts (gray curve): results are shown in Figure 13b . These offsets are qualitatively consistent with 1996 results in Figure 5 , which showed that sources tuned (via backtracing experiments) for various days in August yielded large model activity on those days, then reduced by $10-50% on other days. The 5th August 1996 source used here produces reduced activity for 2001 since it is not tuned for any specific 2001 events.
[48] The correspondences between model and data in Figure 13b are mixed: the linear correlation between the two curves is $0.50. If four or five of the largeamplitude data events are removed, the linear correlation coefficient greatly increases, though there is no justifiable reason for excluding these data points. From June through early July, the modeled gravity wave activity agrees quite well with the lidar measured gravity wave activity (within the range of the uncertainty bars). During days 20-28 (July 24th to August 1st), the model and data also match well. Around day 29 (August 2nd), however, the lidar data show an increase in gravity wave activity, consistent with previous measurements which suggest an increase in gravity wave activity at 40 km during August over Sondrestrom [Gerrard et al., 2000] . The model runs do not simulate this feature. This suggests lack of proper representation of particular gravity wave sources which produce these punctuated enhancements in observed activity. In addition, RMS lidar values obtained after day 29 (August 1st) are abnormally large: further inspection of the lidar data on these dates indicates poor system performance (e.g., non-linear receiver caused by high solar background) that may have artificially enhanced the measured variability.
[49] Model-generated gravity waves that satisfied observability criteria at both 40 km and 80 km typically had horizontal wavelengths l h $ 200 km and vertical wavelengths l z $ 10 km at an altitude of 40 km. Such waves typically took $6 hours to propagate from 40 km to 80 km. As opposed to the model results from August 1996, a smaller fraction of these gravity waves were unsaturated ($45%), and so many waves were saturated at 80 km, having begun saturating at around 60 km. This model result supports the suggestion [Gerrard et al., 2004] , that gravity waves can impact MCs on timescales of less than a day by at least two physical mechanisms: their temperature perturbations [e.g., Rapp et al., 2002] and localized wave breaking that drives synoptic-scale upwelling and an adiabatic cooling response.
[50] One of the difficulties in comparing the lidar data to the model results in Figure 13b is missing data during key periods, such as days 12-19 (July 16th -23rd) when the model experiments predicted enhanced activity. To address the environmental factors behind both the missing lidar data and the increases in modeled gravity wave activity, we analyze AVHRR imagery over the region during this period. Figure 14 plots AVHRR images from channel 2 (visible-near infrared) and channel 4 (far infrared) on experiment days 13 and 17 (July 17th and July 21st, respectively) at $21 UT and 13 UT, respectively. They show evidence of convective or frontal tropospheric activity in the Labrador Sea and Baffin Bay region. In addition, we see high tropospheric cloud cover during this period near Sondrestrom. The images, to some degree, show why there are no lidar data during this period of July, as the cloud cover attenuated the lidar signal. One might also expect higher than usual tropospheric gravity wave generation associated with this convective activity. Indeed, during the observational forecasting campaign, we knew from these model forecast runs that high gravity wave activity was being modeled during this period, and so we tried to prepare for more extensive, continual lidar observations during this period (without success). Note that the model enhancements on days 12 -19 are not due to source effects, since the source remains constant: rather, it is due to increased transmission of the set tropospheric wave spectrum to 40 km.
[51] The modeled gravity wave activity at 40 km is compared to the modeled gravity wave activity at 80 km in Figure 15 using model output from AVN analyses after experiment day 1, following the approach in Figure 8 for August, 1996 model runs. We see a general correlation between the two altitudes, with a linear correlation coefficient of 0.57: with 51 data points this correlation is significant at the 95% level. Again, such a correlation would be expected if the gravity waves were refracted at $40 km to propagate more vertically into the mesosphere. When data from the NCEP analyses from June are included in model runs, the linear correlation coefficient increases to $0.64. This correlation is poorer than for 1996 model experiments (Figure 8 ), suggesting more oblique wave propagation from 40 km to 80 km during 2001.
[52] Figure 16 plots gravity wave activity at 40 km as a function of experiment day based on model runs using analysis and forecast data. The black curve results from running the GROGRAT model with the AVN analyses, and is smoothed using a three day running mean and offset vertically by +0.12 (as in Figure 13) . Each successively lighter curve shows model output based on AVN forecast data: the lightest line is output using +4-day AVN forecasts, the next darker line is the prediction based on the +3-day forecast fields, and so on. One can see that, although all the curves have very similar time variations, the model runs using AVN forecast data systematically predict more gravity wave activity than runs using later forecasts and analysis. This was observed during the actual forecasting experiment, and is still not well understood. It suggests greater transmission and/or greater amplitude growth of model-generated waves using long-range forecast fields compared to shorter-range forecast and analysis fields.
General Discussions
[53] Based on lidar data and ray-based gravity wave modeling during August 1996 and summer 2001, we found reasonable correspondences between model and data. The only variables that were allowed to change in the gravity wave model runs were background atmospheric conditions, specifically the winds, temperatures, and geopotential heights in the troposphere and lower stratosphere. Variable wave filtering/refraction of waves due to background variations led to model-generated variations in wave activity (Figures 5, 13 and 16) . These model findings support results reported by Eckermann [1992] and Alexander [1996 Alexander [ , 1998 ] that a model with invariant sources but realistic variations in background winds can replicate specific aspects of stratospheric gravity wave observations. However, these results differ from those earlier studies in that the invariant source spectrum was derived from observations using backtracing and constrained to this geographic region. Only then did model results agree reasonably with lidar observations during summer. One would suspect that if this same source spectrum was used for model experiments during winter, the model results would not match observations.
[54] Correspondences between modeled and measured gravity wave activity, along with the correlation between the modeled gravity wave fields at 40 km and 80 km, supports theories presented in GKT98 and Gerrard et al. [2002a, 2004] of correlations and physical connections between upper stratospheric gravity wave activity and mesospheric clouds measured over Sondrestrom. As discussed by Thayer et al. [2003] , the presence of gravity waves in a MC model enabled them to better match modeled MC characteristics with MCs observed with the lidar. Eliminating waves produced MCs that were generally thicker and brighter than those observed. Our modeling provides additional support for the MC sublimation hypothesis through gravity wave influence, discussed by Jensen and and Rapp et al. [2002] .
[55] The most problematic aspect of these ray model experiments concerns the selection of a representative tropospheric gravity wave source spectrum. We initially suspected that a more realistic source spectrum could be derived by backtracing gravity waves from 40 km to 6 km for each individual day in August 1996. Another approach we considered specifies a geographically uniform spectrum of gravity waves at each grid point and lets these waves propagate upwards, allowing the atmosphere to naturally filter out unrealistic waves [e.g., Eckermann, 1992; Alexander, 1998 ]. We tested both approaches and found the processing time to be too computationally expensive to be practical in a forecasting mode for 2001. Additionally, gravity wave activity was over-predicted in these model runs, ultimately masking any clear daily variability. For example, when a uniform gravity wave source spectrum was launched at each grid point, the modeling results ''washed-out'' any daily gravity wave variability due to the large number of unrealistic gravity wave ''sources.'' We note that the choices of source spectra and the way multiray output is averaged to yield a final activity measurement can be done in many different ways in ray-tracing models, and some metrics compare better with certain observations than others [e.g., Eckermann, 1992; Alexander, 1998 ].
[56] The tropospheric gravity wave source spectrum used in this study, which is based solely on August 5th, 1996 backtracing results, could be interpreted as artificially tuning our results to reproduce 1996 observations. As such, these ray model experiments using this source spectrum simulate the potential for similar gravity wave activity as on August 5th, 1996 to reach the stratosphere and mesosphere over Sondrestrom. Since this particular tropospheric gravity wave source spectrum produces model results broadly consistent with observations during 1996, it may represent a reasonable first-order approximation of the true source spectrum for this specific region at this specific time period. The large uncertainties in extratropical nonorographic gravity wave sources [Fritts and Alexander, 2003] make it infeasible at present to specify these sources deterministically, as is done with some specific tropical deep convective sources [e.g., Alexander, 1996] or with orographic gravity waves in winter [e.g., Bacmeister, 1993; Bacmeister et al., 1994] . Thus, model inversion experiments constrained by observations seem to be the best way we have at present to crudely estimate tropospheric sources for linear models: indeed, this same general approach was used in a somewhat different context by Alexander and Rosenlof [2003] to infer data-constrained wave source parameters for gravity wave drag parameterizations in global models.
Conclusions
[57] We have conducted ray model experiments in and around Sondrestrom, Greenland using background atmospheres specified at lower heights by NCEP analyses during August, 1996 and NCEP AVN analyses and forecasts during summer 2001, and at upper heights (where NCEP data abate) by CIRA-86 atmospheric values. We used a tropospheric source that was derived by backtracing an observationally-constrained spectrum of waves at 40 km to 6 km on August 5, 1996. The model-generated wave activity from Figure 16 . Comparison of gravity wave activity from the ray-tracing model experiments using AVN analyses and forecasts during summer, 2001. The black line represents ray-traced gravity wave activity computed from the AVN background analyses. These data are smoothed by a three day running mean and offset vertically by +0.12. Each successively lighter line is a forecast prediction of gravity wave activity at 40 km based on AVN forecasts, plotted in the same manner as the black analysis line, and offset by one day. Hence, the lightest line is the prediction from the model run using NCEP 4-day forecast fields. The x axis is in experiment days, with day 1 corresponding to July 5th, 2001. these runs was compared to upper stratospheric gravity wave activity measured with the molecular/aerosol lidar at Sondrestrom. The comparisons between model output and observations were reasonable for the runs in August, 1996 ( Figure 5 ) and more variable for the analysis/forecast runs in 2001. We compared modeled gravity wave activity at 40 km to gravity wave activity at 80 km and delineated a statistically significant correlation between the two fields. This supports experimental findings reported by GKT98, Gerrard et al. [2002a Gerrard et al. [ , 2004 , and Thayer et al. [2003] that the gravity wave activity measured by molecular lidar at 40 km over Sondrestrom influences MC variability observed by aerosol lidar in the mesosphere over Sondrestrom.
[58] However, it is difficult to state conclusively how well the model runs using NCEP forecast fields during 2001 (presented in Section 5) replicate experimentally observed gravity wave activity in the upper stratosphere. Though the general trends throughout the summer period are consistent, missing data during key periods prevent more definitive tests.
[59] Possible future research involving the methods outlined in this paper could focus on some of the following issues: development of a more comprehensive/realistic tropospheric source spectrum, analysis of the saturation mechanisms of the middle atmospheric gravity waves, use of more realistic mesospheric winds/temperatures (if/when available), extension of model runs and data analysis to the regions around the Arctic Lidar Observatory for Middle Atmospheric Research (ALOMAR) facility in northern Norway (69°N, 16°E), and extension of the analysis to winter intervals in an attempt to better understand the influence of the polar vortex on gravity wave activity suggested in Gerrard et al. [2002b] . Data from AVHRR channels 2 (visible-near infrared) and 4 (far infrared) on August 11th, 1996 at $17 UT. For ease of orientation, the numbering on the map corresponds to the numbering on the images. The Greenland ice shelf and the coast are visible on the right in these images. Figure 14 . Data from AVHRR channels 2 (visible-near infrared) and 4 (far infrared) on experiment day 13 and day 17 (July 17th and July 21st of 2001, respectively) at $21 UT. For ease of orientation, the numbering on the map corresponds to the numbering on the images. The Greenland ice shelf and the coast are visible on the top-right in these images. The dashed red line represents the model boundary. These data are representative of similar data observed during this period.
